Burt JM, Nelson TK, Simon AM, Fang JS. Connexin 37 profoundly slows cell cycle progression in rat insulinoma cells.
GAP JUNCTIONS HAVE LONG BEEN recognized as serving growth regulatory and tumor suppressor functions (40) , but the underlying mechanism(s) remain uncertain. With the discovery that gap junctions are composed of one or more of the 21 members of the connexin gene family (56) , the possibility of connexinspecific roles for these proteins in supporting tissue function seemed increasingly likely (29) . Since nearly all cells express multiple connexin isoforms, identification of their unique contributions to cell and tissue function has been difficult. Nevertheless, connexin-specific deletion and replacement studies (32, 49, 54) emphasize the importance of specific connexins to development and tissue function (1, 44, 46, 60) . The specific properties of particular connexins that render them irreplaceable in the animal remain ill-defined. However, from expression studies it is clear that connexin-specific properties include channel permselectivity, regulation by intracellular signaling cascades, and protein-protein interactions (29, 30) .
Connexins are thought to contribute to coordinated tissue function and growth suppression in (at least) three ways. First, through formation of intercellular channels and gap junctions, their best documented role, connexins mediate direct intercellular exchange of small molecules and metabolites that support tissue homeostasis and electrical and chemical signaling. This intercellular signaling contributes to coordinated tissue responses such as contraction/relaxation and secretion, as well as controlled growth, cell proliferation, and cell migration (14, 20, 21, 48) . Second, through formation of functional hemichannels, connexins participate in transmembrane signaling, mediating autocrine and paracrine responses especially during injury, ischemia, and inflammation (18, 28, 62) . Finally, through selective protein-protein interactions, connexins may contribute to controlled growth, proliferation, apoptosis, and possibly other cell and tissue behaviors (27, 29) .
Numerous studies indicate that connexins serve a tumor suppressor function. In mice with targeted deletions of connexin 43 (Cx43) or Cx32, susceptibility to radiation-induced tumorigenesis is significantly increased (30) . Typically, tumorigenesis is linked to decreased gap junctional intercellular communication, reduced cell-cell contact, and enhanced cell proliferation (4, 25, 52) . Transfection of connexin-encoding genes (e.g., for Cx43, Gja1) into some tumorigenic cell lines slows cell proliferation rates and tumor growth (25, 29) , but underlying mechanisms of growth suppression remain uncertain. However, given the variable efficacy of a specific connexin in suppressing growth of diverse tumor types, it appears that the cellular milieu likely modulates the efficacy of growthsuppression by specific connexins. Thus it is currently unclear whether connexin-mediated growth suppression is unique to certain connexins or whether it is a shared feature of all connexins (with possible mechanistic differences).
With regard to Cx37, there are no published data concerning its growth-suppressive potential in tumorigenic or normal cells and tissues. However, data from studies of the response of the vascular endothelium to injury and other proliferation-inducing stimuli suggest such a role for Cx37. For example, whereas the endothelial cells of mature blood vessels with normal laminar blood flow are quiescent (39) , in regions of chronic high shear or turbulent flow, endothelial cell proliferation rates increase (37) . In comparably stimulated regions, Cx37 expression is decreased, Cx43 expression is increased, and Cx40 expression is largely unchanged (15) . These studies and others (26, 55) indicate that these connexins likely make unique contributions to regulated cell proliferation in vivo.
The goal of the current study was to determine whether Cx37 may serve a growth-suppressive function and, if so, to begin identifying the underlying mechanisms. Using an inducible expression system, we show that expressed Cx37 forms functional gap junction channels. However, unlike Cx40 or Cx43, Cx37 expression drastically slowed the proliferation of rat insulinoma (Rin) cells, significantly increased their cell cycle duration by extending all phases therein, and accumu-lated these cells at the G 1 /S checkpoint. These cell cycle effects of Cx37 were augmented by serum deprivation.
MATERIALS AND METHODS
Antibodies and reagents. All general chemicals, unless otherwise noted, were purchased from Sigma-Aldrich Chemical. Two Cx37 antibodies [either ␣Cx37-18264 (53) or ␣Cx37-ADI (catalog no: Cx37A11-A; Alpha-Diagnostics)] were used for both immunoblots and immunocytochemistry. Cx43 antibody was from Sigma (C6219); Cx40 antibody is an affinity-purified, rabbit anti-rat Cx40 (residues 234-332)-glutathione S-transferase fusion protein; Cy3-conjugated anti-rabbit IgG (Jackson Immunoresearch) was used for immunocytochemistry; horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence strategies were used in immunoblotting [SuperSignal West Pico System (catalog no. 32106, Pierce) or SuperSignal West Femto System (catalog no. 34095, Pierce), as appropriate].
Cell culture and expression vectors. Communication-deficient Rin cells [Rin1046-38 (6, 16)] were obtained from R. Lynch (University of Arizona). Cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS; Gemini Bioproducts, Sacramento, CA) and antibiotics (300 g/ml penicillin and 500 g/ml streptomycin) at 37°C in a humidified, 5% CO 2 incubator. pTET-ON (Clontech, Mountain View, CA) was transfected into Rin cells using Lipofectamine (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Cells were selected in 300 g/ml of G418 (GIBCOInvitrogen), subcloned, and screened for inducible expression of transiently transfected luciferase according to the manufacturer's instructions. The clone exhibiting the highest luciferase expression, iRin, was selected for further use. Mouse Cx37 (mCx37) was subcloned from a pCIneo-Cx37 construct (provided by Karen Hirschi, Baylor College of Medicine, Houston, TX) into pTRE2-hygro (Clontech) using the BamH I [carried from pBS-SKϩ when subcloned into pCIneo's NheI and XhoI sites (61)] and NotI. The iRin cells were transfected with the resulting pTRE2-mCx37 plasmid using Lipofectamine (Invitrogen) according to the manufacturer's instructions. Stably transfected cells were selected in 100 g/ml hygromycin and dilution subcloned.
Immunoblotting. Whole cell protein was prepared as follows. Cells were washed three times with PBS and harvested by scraping. Cells were pelleted, lysed in sample buffer [100 mM Tris, 4% SDS, 10% glycerol, 5 mM NaF, 0.25 mM Na 3VO4, 2 mM PMSF, and 0.02% bromophenol blue with added protease inhibitor cocktail (catalog no. 11836153001, Roche); pH 6.8], sonicated briefly, and debris was removed by centrifugation at 16,000 g for 10 min. Protein content of the supernatant was measured using the BCA assay (Pierce Chemical, Rockford, IL). Samples (5-50 g total protein) were electrophoresed on 12% SDS-PAGE gels (Bio-Rad, Hercules, CA) and transferred to nitrocellulose for detection by ␣Cx37-18264 or ␣Cx37-ADI.
The Triton X-100-insoluble fraction was isolated as follows. Cells were rinsed with PBS and scraped from the dish after addition of lysis buffer [1% Triton X-100, 5 mM NaF, 0.25 mM Na 3VO4, and 2 mM PMSF with added protease inhibitor cocktail (Roche)]. This lysate was homogenized (4 passes through a 26-gauge needle), and the Triton X-100-insoluble fraction was pelleted by centrifugation (16,000 g, 10 min). Sample buffer was added to solubilize the Triton X-100-insoluble pellet, and after brief sonication, protein content was analyzed as described above.
Immunocytochemistry. Cells plated on glass coverslips for a minimum of 24 h were fixed in 100% methanol (Ϫ20°C, 5 min) or 70% ethanol (4°C, overnight). For immunofluorescent detection of connexin, cells were treated with 0.2% Triton X-100 and 0.5 M NH 4Cl (with preceding and intervening PBS washes) and incubated in blocking reagent (10 min; 4% fish skin gelatin, 1% normal goat serum, and 0.25% Triton X-100 in PBS) before incubation in primary and then secondary antibody (both for 2-3 h at room temperature with intervening washes with blocking reagent). Connexin proteins were detected using the specified antibodies and Cy3-conjugated secondary antibody (diluted 1:200 in blocking reagent). Proliferating cell nuclear antigen (PCNA) was visualized with a commercially available PCNA staining kit (Zymed 93-1143) used according to the manufacturer's directions.
Proliferation. Proliferation assays were performed on cells plated in six-well plates, with an initial seeding density of 7.2, 10, or 30 ϫ 10 3 cells/well (approximately 750 -3,125 cells/cm 2 ; most experiments were performed at the highest density). Twenty-four hours after plating (day 0 of proliferation assays), doxycycline (2 g/ml, unless otherwise indicated) was added to three of six wells devoted to each time point. Cells were fed every 48 h with or without added doxycycline, as appropriate. Every 3 days for a total of 21 days, the cells in each well devoted to a time point were harvested (using trypsin), and the number of cells per well was determined using a hemocytometer.
Cell cycle analysis. Subconfluent plates of cells in complete medium containing 10% FBS were induced or not to express Cx37 for 2 or 5 days, as indicated; Rin40 and Rin43 cells were cultured similarly but were analyzed 48 h after plating. All cells in the dish were then harvested for analysis of cell cycle position as follows. Cells were trypsinized, pelleted, and resuspended in 1 ml medium, and cell number was determined (hemocytometer). The cells were then pelleted, and the pellets were fixed in 1 ml ice-cold 70% ethanol with vigorous vortexing. After repelleting, the ethanol was removed and the cells were resuspended (at a density of 2 ϫ 10 6 cells/ml) in cold PBS to which 50 g RNase A total and 50 g/ml propidium iodide were added. After incubation at 37°C for 30 min, the cells were transferred to ice and analyzed by fluorescence-activated cell sorting (FACS). Because Cx37 has been reported to reduce adhesivity in some cell types (62) and to induce apoptosis in others (51), the position of unattached cells in the cell cycle was also evaluated.
In some experiments, the impact of serum starvation (0% FBS) with or without Cx37 expression on cell cycle progression was evaluated. Rin1046 cells or iRin37-F cells were plated in 100-mm plates at a density of approximately 12-38 ϫ 10 3 cells/cm 2 in 10% FBS. Twenty-four hours later, culture medium was replaced with medium containing either 10% or 0% FBS, and after 48 h, doxycycline was added (or not) to each plate for 24 h. After this induction period, medium containing 10% FBS (with or without doxycycline, as appropriate) was restored to all plates, and cells were harvested immediately or 4 -96 h later.
Junctional conductance. Confluent cells were trypsinized and replated at low density onto glass coverslips, with doxycycline added at the time of replating. After 24 h, coverslips were mounted in a custom-made chamber, and an Olympus inverted (IMT2) microscope with phase contrast optics was used to identify pairs of cells in the dish (typically only two or three pairs of cells were found on any given 25-mm coverslip). Cells were bathed in external solution containing (in mM) 142.5 NaCl, 4 KCl, 1 MgCl2, 5 glucose, 2 sodium pyruvate, 10 HEPES, 15 CsCl, 10 TEA-Cl, 1 BaCl2, and 1 CaCl2, pH 7.2 and osmolarity of 330 mosM. Junctional conductance was determined on all pairs found within 30 min (the window of time to which all our electrophysiology experiments are typically restricted) using dual whole cell voltage-clamp techniques as previously described (34) . The pipette solution contained (in mM) 124 KCl, 14 CsCl, 9 HEPES, 9 EGTA, 0.5 CaCl2, 5 glucose, 9 TEA-Cl, 3 MgCl2, and 5 disodium ATP, pH 7.2 and osmolarity of 326 mosM. Junctional conductance was evaluated with 10-mV transjunctional pulses, and channel conductance was evaluated with a 25-mV transjunctional voltage difference.
Statistical analysis. Statistical comparisons of junctional conductance and cell cycle data were conducted using unpaired, two-tailed Student's t-tests. Significant differences are indicated by P Ͻ 0.05. Data from serum starvation experiments were subjected to single-factor ANOVA, and where significance was indicated, multiple comparisons were performed using Tukey's test for unequal sample sizes (63) .
RESULTS

Cx37-expressing Rin cells.
Our initial attempts to isolate a cell line that constitutively expressed Cx37 were unsuccessful. Stable introduction of Cx37 into Rin and 23-3 [Cx43 Ϫ/Ϫ fibroblasts (41)] cell lines was attempted using pCIneo, expression driven by the cytomegalovirus promoter, or pH␤Apr-4 (19, 45) , expression driven by the ␤-actin promoter. Cx37 was detected in the transfected cells 48 h after transfection, but it could not be detected in several neomycin-resistant clonal cell populations derived from these transfectants (see Fig. 1S in supplemental data, available in the online version of this article at the American Journal of Physiology-Cell Physiology website). Since both of these cell lines have been used successfully to express other connexin proteins (22, 36, 41) , we hypothesized that cells expressing Cx37 failed to proliferate and, consequently, during dilution cloning, were overgrown by non-Cx37-expressing, but neomycin-resistant cells.
To test this hypothesis, we transfected the Rin cells with the pTET-ON vector and isolated a cell line, iRin, into which the gene encoding Cx37 was introduced using the pTRE2-hygromycin vector (for doxycycline-inducible expression of Cx37). Several hygromycin-resistant clones of iRin-Cx37 (iRin37) cells were isolated, two (the F and H clones; see supplemental data Fig. 1S -B) were selected for further study. Cx37 expression by these clones was dose and time dependent, with maximal expression occurring at 24 h and 2 g/ml doxycycline (see supplemental data Fig. 2S ). Immunofluorescence techniques were used to determine Cx37 localization in doxycycline-induced and -noninduced cells. As shown in Fig. 1 , Cx37 was readily detected in iRin37-F cells induced with 0.25 and 2 g/ml doxycycline ( Fig. 1 , B and C) but not evident in noninduced cells (Fig. 1A) . Punctate labeling in apparent appositional membrane was sometimes observed (inset, Fig. 1C ). Cx37 was readily detected in immunoblots of total protein (whole cell) as well as in the Triton X-100-insoluble fraction ( Fig. 1C) isolated from induced cells, but it was generally absent from noninduced cells (4 of 21 distinct cell isolates showed a faint Cx37 band with Ն25 g total protein loaded). The presence of a Triton-insoluble component and occasional punctate labeling of appositional areas suggested that Cx37 may be assembled by Rin cells into functional gap junctions (43) .
Cx37 forms functional gap junctions. To confirm that the iRin37-F and -H clones formed functional gap junctions, junctional conductance was measured using dual whole cell voltage-clamp procedures. Despite significantly different levels of protein expression by these clones (supplemental data Fig.  1S-B) , neither the incidence of coupling (50% for iRin-F; 64% for iRin-H) nor its extent differed between clones ( Fig. 2A) . As expected (33, 47, 57) , the conductance of the fully open channel was ϳ350 pS, and multiple open states were observed both in poorly coupled pairs (Fig. 2B ) and in better coupled pairs following halothane application (to reduce open probability; data not shown). Parental Rin and iRin cells were not coupled (data not shown).
Proliferation is suppressed in Cx37-expressing cells. To determine whether expression of Cx37 slowed or prevented proliferation of Rin cells, we compared the proliferative properties of induced iRin37 cells to Rin, iRin, Rin40, Rin43, and noninduced iRin37 cells over a 21-day period. As shown in Fig. 3 , iRin, Rin40, Rin43, Rin (all with or without doxycycline treatment), and noninduced iRin37 cells grew rapidly (between days 3 and 15) until density-dependent slowing of proliferation occurred. In contrast, proliferation of Cx37-expressing cells (induced iRin37-F and iRin37-H) was significantly depressed over this time period. Induction of Cx37 expression in cells growing at approximately 10-fold higher density (Fig. 4) also profoundly slowed proliferation, suggesting that growth suppression by Cx37 was density independent. Localization of Cx40 in the Rin40 cells and of Cx43 in the Rin43 cells was comparable to that of Cx37 in the induced iRin37-F cells (Fig. 5) , and as observed for the iRin37-F cells, obvious plaques were infrequent. That Cx40-and Cx43-expressing Rin cells, which form functional gap junctions (7, 8, 12, 23) , proliferate comparably to connexin-deficient Rin cells (Rin, iRin, and noninduced iRin37-F) suggests that formation of functional gap junctions, per se, between Rin cells is not sufficient to explain growth suppression by Cx37.
Cx37 does not induce apoptosis. A previous study demonstrated that adenoviral delivery of human Cx37 to human umbilical vein endothelial cells induced apoptosis (51) . To determine whether failed proliferation of induced iRin37-F cells might reflect induction of apoptosis, we grew cells for 7 days in the absence of doxycycline, added (or not) doxycycline for 2 or 5 days, and used FACS on propidium iodide-stained cells (Fig. 6 ) to determine whether an apoptotic population was present. Apoptotic cells were generally absent in both induced (Fig. 6 , inset) such peaks were rare in iRin37-F cells (Fig. 6) , and their presence did not correlate with Cx37 expression.
Cell cycle position of Cx37-expressing Rin cells. Since Cx37-mediated suppression of Rin cell proliferation did not involve apoptosis, we hypothesized that Cx37 arrested or profoundly slowed cell cycle progression. We used FACS of propidium iodide-stained iRin37-F cells to determine cell cycle distribution (50) . Following 48 h of doxycyline induction, we observed no significant difference in cell cycle distribution between induced and noninduced cells (Fig. 6 and Table 1 ). However, when cells were induced to express Cx37 for 5 days, we observed a small, but significant, accumulation of induced cells in G 0 /G 1 , with a concomitant decrease in S-phase cells.
The propidium iodide-FACS strategy for cell cycle analysis cannot distinguish between cells in G 0 versus G 1 of the cell cycle. To determine whether Cx37 expression caused the Rin cells to leave the cell cycle (and enter G 0 ), induced and noninduced iRin37-F cells were stained for PCNA, a cell cycle protein that is expressed at peak levels in late G 1 and S and absent from G 0 cells. Intense PCNA staining was observed in both induced and noninduced iRin37-F cells (Fig. 7) , and virtually all cells were stained. These data indicate that Cx37 expression did not cause cells to exit the cell cycle into G 0 , but rather promoted arrest at the G 1 /S boundary.
Given the profound suppression of proliferation mediated by Cx37, the cell cycle and proliferation data above suggested that cell cycle time must be significantly prolonged in Cx37-expressing Rin cells. To evaluate this possibility, we deter- 4 . Cx37-induced suppression of proliferation is density independent and has a rapid onset. iRin37-F cells were plated at 3 ϫ 10 4 cells per well. Doxycycline was added to one third of wells 24 h later (Doxϩ data) and to another third 12 days later (Dox: 12dϪ, 9dϩ data); the remaining wells were untreated (no Dox). Cell number was monitored at 3-day intervals for 21 days for all treatment groups. Proliferation of cells exposed to doxycycline was suppressed irrespective of cell density at the time of induction. mined the "typical" profile for proliferation of Rin and iRin37-F (induced and noninduced) cells by pooling and plotting the data from multiple proliferation assays. These plots show that iRin and noninduced iRin37-F cells proliferated comparably (Fig. 8A) , whereas induced iRin37-F cells proliferated, but very slowly (Fig. 8B) . The large standard errors evident at the later time points in the iRin and noninduced iRin37-F plots reflect the occurrence of density-dependent inhibition of proliferation in some but not all experiments. The large standard errors evident at the later time points for the induced iRin37-F cells reflected limited proliferation of induced iRin37-F cells toward the end of the assay period in some but not all experiments. This proliferation occurred despite continued expression of Cx37 in virtually all cells (Fig. 9) . To identify the period during which exponential growth for each cell type occurred (a prerequisite for calculation of doubling time), the data are also presented in semilogarithmic plots (insets, Fig. 8, A and B) . For both the iRin and noninduced iRin37-F cells, exponential growth was evident between days 3 and 15. For the induced iRin37-F cells, growth was exponential between days 6 and 15, although very slow, as well as between days 15 and 21 at a faster rate. Doubling time, calculated as (t 2 Ϫ t 1 ) [log2/log(q 2 /q 1 )] (where t is time and q is number of cells), was determined for each cell type using a 3-, 6-, or 9-day time differential for the periods of logarithmic growth (days 3-15 for Rin and noninduced iRin37 cells and days 6-21 for induced iRin37 cells). For the iRin and noninduced iRin37-F cells, all three time differentials revealed comparable doubling times of ϳ2 days (6-day time differential is illustrated in Fig. 8C ). For the induced iRin37-F cells, only the 6-day and 9-day time differentials gave a consistent pattern of doubling time (6-day time differential is illustrated in Fig.  8C ). The data show that Cx37 increased doubling time to ϳ9 days for the early period of exponential growth (between days 6 and 15) and to 3-4 days for the later period of growth (between days 15 and 21). Although a sub-G1 peak, indicative of apoptosis, was sometimes observed in all types of Rin cells (inset shows iRin cells), such a peak was not predictably observed in iRin37-F cells (induced or not). In these samples, the percentage of cells in G0/G1, S, and G2 for the noninduced iRin37-F cells was 71.8%, 17.4%, and 10.8%, respectively, and for the induced iRin37 cells was 76.18%, 13.65%, and 10.17%, respectively.
The durations of the phases of the cell cycle were calculated from the estimated doubling time and cell cycle distributions (determined at 5-day time point for induced iRin37-F; Table  1 ). For the noninduced iRin37-F cells with a doubling time of ϳ2 days, the durations of G 1 , S, and G 2 were 36, 10, and 3.5 h, respectively. Induction of Cx37 expression in these cells increased their doubling time by nearly 4-fold to ϳ9 days. The distribution of cells in the cell cycle and these doubling time data indicate that the durations of all phases of the cell cycle were substantially increased by Cx37 expression to 166, 30, and 15 h for G 1 , S, and G 2 phases, respectively. These data strongly suggest that Cx37 profoundly prolongs the cell cycle by prolonging all phases of the cell cycle and promoting arrest at the G 1 /S checkpoint.
Serum deprivation augments Cx37-mediated cell cycle arrest. Progression through the G 1 /S checkpoint in mammalian cells requires activation of the cell cycle machinery through growth factor-activated signaling (42) . Since connexins are targeted by and influence the activity of some components of the cell cycle machinery (5, 31, 35, 64 -66) , we hypothesized that Cx37 expression may render the Rin cells susceptible to Values are means Ϯ SE expressed as the percentage of total cell population in each phase. iRin37-F, connexin 37 (Cx37)-expressing rat insulinoma (Rin) clone. *Significantly different from noninduced cells. regulation by growth factor signaling in a manner different from Cx43. To test this hypothesis, we examined the effects of serum deprivation on cell cycle position of induced iRin37-F, parental Rin, and Rin43 cells. Focusing initially on the Cxspecific differences, in 10% serum, expression of either Cx37 or Cx43 altered the distribution of cells in the cell cycle compared with the Cx-deficient Rin cells (Table 2 ). Cx43 expression decreased G 0 /G 1 cells and increased S-phase cells, whereas Cx37 increased G 0 /G 1 cells and decreased S-phase cells. These trends were greatly augmented by serum deprivation, such that each cell type in 0% serum differed from itself in 10% serum for G 0 /G 1 and S-phase and from Rin cells in all phases (Table 2) . Thus, both Cx43 and Cx37 confer on the Rin cells sensitivity to growth factors, but they do so with very different results. Cx43 did not change overall cell cycle time, so the decrease in G 1 and increase in S-phase cells suggests that cells progress more quickly through G 1 and more slowly through S-phase, an effect that is enhanced by serum deprivation. In contrast, Cx37 significantly prolonged doubling time (cell cycle duration), so the increase in G 1 and decrease in S-phase cells suggests very slow progression through G 1 and possible arrest therein when cells were serum deprived.
To estimate where in G 1 Cx37-expressing cells were arrested by serum deprivation, serum deprivation-release experiments were performed (Fig. 10) . Although the distribution of Rin cells in the cell cycle was unaffected by serum deprivation, restoration of 10% serum to these cells resulted in a significant decrease (compared with the 4-h time point) in G 1 and increase in S-phase cells at 24 h. In contrast, progression from G 1 to S-phase following serum deprivation in Cx37-expressing cells was significantly delayed, to 48 h. In view of the estimated duration of G 1 , 166 h, these data strongly suggest that Cx37 expression results in accumulation of Rin cells near the G 1 /S boundary.
DISCUSSION
The growth-suppressive potential of gap junctions and their comprising connexin proteins has long been recognized (29, 30) . The tissue specificity of such growth suppression indicates that its mechanistic basis reflects the regulatory profile of the tissue (e.g., activity of specific signaling pathways), whereas the connexin specificity suggests primary sequence-dependent differences in critical properties of these channel-forming proteins. It is likely that their ability to support intercellular exchange of metabolites and signaling molecules features prominently in some settings of connexin-mediated growth suppression; certainly, connexin-specific differences in channel permselectivity (12) are consistent with such a possibility. However, in recent years, several studies have concluded that connexin-mediated growth suppression can occur in a manner independent of the formation of functional gap junctions; sequence-dependent differences in protein-protein interactions and/or phosphorylation-dependent regulation are consistent with connexin specificity of growth suppression. Armed with the foreknowledge that in some tissues expression of Cx37 and Cx43 is oppositely regulated following exposure to a growth stimulus [Cx37 down-and Cx43 upregulated (15)], in the present study we assessed the potential for and mechanism of growth suppression by Cx37.
We show here that Cx37 expression profoundly slowed the proliferation of Rin cells, whereas expression of Cx40 or Cx43 had no effect on their proliferation. Cx37 exerted this growthsuppressive effect irrespective of cell density (from ϳ750 to ϳ38,000 cells/cm 2 ) at the time of induced Cx37 expression and without inducing apoptosis. The molecular mechanisms underlying Cx37's growth-suppressive effect in Rin cells remain unknown. Although Cx37-mediated suppression of cell proliferation has not previously been reported, numerous studies have demonstrated that Cx43 suppresses proliferation of a variety of cell types. That Cx37 suppressed proliferation of Rin cells when Cx43 did not indicates that the mechanisms underlying growth suppression by these connexins differ in critical ways.
Communication-dependent and -independent mechanisms have been proposed to underlie Cx43-mediated growth suppression (29) . Our data do not directly address whether formation of functional gap junctions by Cx37 is necessary for the growth-suppressive effect of Cx37. Since communicationcompetent (7) Rin43 and Rin40 cells proliferate comparably to communication-deficient Rin cells, our data suggest that gap junction formation is not sufficient for growth suppression. However, it is possible that by virtue of unique permselective or channel regulatory properties (3, 12, 13, 23, 58, 59) , formation of gap junction channels by Cx37 could prove necessary for its growth-suppressive effect. Our data also do not address the possible contribution of functional hemichannels (rather than or in addition to gap junction channels) to growth suppression by Cx37. Resolution of whether the function of Cx37 gap junction channels or hemichannels may augment (or even limit) the growth-suppressive effects of Cx37 awaits studies with a correctly targeted channel-dead mutant. Regardless of whether Cx37 gap junction or hemichannels are required for growth suppression, it remains to be determined how the cytoplasmic regions of Cx37 interact with the cell cycle machinery to limit growth.
Our data indicate that Cx37 expression slows cell cycle progression and arrests the cell cycle at the G 1 /S boundary, especially when the cells are also deprived of growth factors. From the doubling time and (5-day) cell cycle data, Cx37 appears to extend all phases of the cell cycle: G 1 duration increased by 454%, S-phase by 300%, and G 2 duration by 420%. The effect of Cx37 expression on the distribution of cells in the cell cycle was further augmented by serum deprivation. In serum-deprived cells, Cx37 expression for only 24 h was sufficient to substantially increase the percentage of cells in G 1 . Transition of these accumulated G 1 cells into S-phase after serum restoration was delayed by 24 h compared with Cx37-deficient cells. Given the calculated duration of the G 1 phase of the cell cycle, in excess of 150 h, these data strongly suggest that Cx37 expression slows progression of Rin cells through all phases of the cell cycle and arrests progression at the G 1 /S checkpoint.
Transition through G 1 and the G 1 /S checkpoint involves cyclins D and E and cyclin-dependent kinase (CDK)4/6, with cyclin A and CDK2 critical for S-phase progression. Stable introduction of Cx43 into some tumorigenic cell types slows or arrests their proliferation, a phenomenon linked to reduced levels of the D and A cyclins and CDK6 (5); increased expression of the CDK inhibitor p27 (31, 65) ; increased degradation of Skp2, a protein that regulates ubiquitination and therefore degradation of p27 (66) ; and decreased DNA synthesis (9) . The mechanisms linking Cx43 to these changes in proliferation and expression of cyclins, CDKs, and CDK regulatory proteins have not been identified. However, in the study by Dang et al. (9) , the carboxyl-terminal domain of Cx43 was shown to be sufficient to suppress DNA synthesis, suggesting that gap junction channel function was not necessary for growth suppression by Cx43. In subsequent studies, this group (10, 11) showed that preventing phosphorylation of serine 262 (by mutation to alanine) in the carboxyl-terminal domain of Cx43 augmented the inhibitory effect of Cx43 on DNA synthesis and cell proliferation, whereas mimicking phosphorylation at this site (by mutation to aspartate) alleviated the inhibition induced by Cx43. Serine 262 is a known target for protein kinase C-dependent phosphorylation (11); thus, these studies provide strong support for a link between growth factor-activated signaling cascades, connexin phosphorylation, and cell cycle progression.
Since Cx43 had no effect and Cx37 had a profound effect on Rin cell proliferation, our data suggest that Cx37 must lead to reduced activity of cell cycle machinery via mechanisms that differ in critical ways from those induced by Cx43. In this context (at least) two ideas merit further investigation: sequence-related differences in phosphorylation-dependent regulation of channel function and/or sequence-related differences in protein-protein interactions. Compared with Cx43, very few studies have addressed either property of Cx37. Cx37 is known to be a phosphoprotein (38, 57) , but the sites targeted, the kinases involved, and the prompting stimuli (likely cell-spe-cific) have not been explored. Sequence comparisons of mCx37 and mCx43 suggest interesting potential differences in regard to both phosphorylation and possible protein binding partners. Cx43 is targeted for phosphorylation by multiple growth-activated kinases (35) , including protein kinase C (at residues 368 as well as 262), protein kinase A (at S364 and possibly S365, S369, and S373), p34cdc2/cyclin B kinase (at S262 and S255), casein kinase 1 (at S325, S328, and S330), mitogen-activated protein kinase (at S255, S279, and S282), and pp60
src kinase (at Y247). These phosphorylation events (can) influence gap junction assembly, channel function, and gap junction/connexin degradation, but for most it is not clear that they influence cell cycle progression and cell proliferation. Even for S262, the molecular mechanisms triggered by phosphorylation at this site that ultimately lead to reduced DNA synthesis remain unexplored. Cx37 is predicted by consensus sequence prediction programs to have multiple serines with a high probability (Ͼ90%) of phosphorylation by some of these same kinases. In at least two cases, these predicted serines align with sites targeted in Cx43: specifically, S282 in Cx43 (targeted by MAPK) aligns with S275 in Cx37, and S368 in Cx43 (targeted by PKC) aligns with S328 in Cx37. The possible roles in growth suppression of these and several other serines, threonines, and tyrosines in Cx37 that are predicted as high-probability targets for phosphorylation but do not align with corresponding sites in Cx43 remain to be explored.
In addition to likely differences in phosphorylation of Cx37 versus Cx43 following activation of growth factor signaling cascades, it is highly probable that the binding partners of Cx43 differ from those bound by Cx37. Cx43 interacts directly or indirectly with cell adhesion plaque proteins [including tubulin, zonula occludens-1 (ZO-1) and ZO-2] to form complexes that potentially regulate the availability of transcription factors (including ␤Ϫcatenin, ZO-1 nucleic acid binding protein, and SMADs) (for review, see Refs. 17 and 29). The binding sites in Cx43 identified as critical to these interactions are not present in Cx37. The binding partners of Cx37 remain completely unexplored; whether one or more of these partners may be central to regulation of the activity of the cell-cycle machinery needs investigation.
That Cx43 and Cx37 suppress proliferation by at least some nonoverlapping mechanisms raises new interest in possible therapeutic use of these connexins to suppress tumor angiogenesis and tumor growth. Cx37 is prominently expressed in vascular endothelium, but its expression is turned off in settings of growth and injury (25) . Gene-targeting strategies (2) designed to introduce Cx37 (for constitutive or inducible expression) into the endothelium of blood vessels that must grow to support tumor angiogenesis (24) could be used to profoundly slow or block this process, thereby restraining tumor growth. Clearly, introduction of this connexin into the tumor cells themselves could also be efficacious. It is worth noting that the degree to which Cx37 expression suppressed proliferation of Rin cells is far greater than previously reported for growthsuppressive effects of other connexins, including Cx43, irrespective of the cell type. Thus, Cx37 may, in at least some cell types, be a far more potent tumor suppressor than other connexins and consequently warrants further evaluation in this context. The Rin cell system is ideally suited to this pursuit by virtue of the Cx-specificity of growth suppression by Cx37 in Rin cells.
In summary, we show here that Cx37 suppresses proliferation of Rin cells by significantly extending all phases of the cell cycle and prolonging or arresting transition through the G 1 /S checkpoint, especially when the cells are also deprived of growth factor stimulation. That Cx37 suppresses Rin cell proliferation when Cx43 does not, despite its growth-suppressive effects in other tumorigenic cell types, suggests that the mechanisms underlying Cx37-mediated growth suppression must differ in critical ways from those of Cx43, differences revealed by the Rin cell system.
